Dust particles are quintessential for the chemical evolution of the Universe. Dust nucleates in stellar outflows of dying stars and subsequently travels through the interstellar medium, continuously evolving via energetic processing, collisions and condensation. Finally, dust particles are incorporated in the next-generation star or its surrounding planetary system. In oxygen-rich stellar outflows, silicates are observed in the condensation zone (1200-1000 K), but, in spite of several decades of experimental and theoretical study, the stardust nucleation process remains poorly understood. We have previously shown that under these conditions ternary Mg-Si-O clusters may start forming at high enough rates from SiO, Mg and H 2 O through heteromolecular association processes. In this reaction scheme, none of the possible initial association reactions was thermodynamically favourable owing to the large entropy loss at these temperatures. Here, we follow a previous idea that the incorporation of TiO 2 could help to initiate stardust nucleation. In contrast to these studies, we find that there is no need for TiO 2 cluster seeds-instead, one molecule of TiO 2 is sufficient to kick-start the subsequent nucleation of a silicate dust particle.
Introduction
Dust particles play a decisive role in driving the chemistry in the diffuse and dense interstellar medium (ISM) [1] , catalysing molecule formation via surface reactions and, in the denser regions, protecting molecules from photodissociation by extinction of the interstellar radiation field. Interstellar dust and stardust have been studied for many decades via astronomical observations [2] [3] [4] [5] , modelling spectral features [6] and laboratory studies of pristine cometary or interplanetary material [7] [8] [9] [10] [11] [12] [13] . Since these particles have broad signatures, our knowledge of dust is less exact than it is for molecules. Nonetheless, the general properties of dust particles in various environments have been discerned to a certain extent [14] . Fitting the observed spectra with a combination of laboratory spectra of materials of different crystallinity, shape, size and composition gives insight into the possible identity of dust particles in space [15, 16] . The majority of dust particles are thought to originate from stellar outflows of main sequence stars at the end of their lifetime, although supernovae may also contribute considerably [17] [18] [19] . After heavy processing in the ISM, the dust is eventually subsumed in a young stellar object [20] , where again it affects the chemistry by acting as a catalyst [21] , or, for instance, by retaining compounds that can then be incorporated in planets [22, 23] . As the gas expands and cools in a stellar outflow, molecules will start to form, with the most stable one, by far, being CO. Therefore, this molecule depletes all of the least abundant of its constituent elements; whichever atom remains determines what type of dust is formed in even cooler regions: carbonaceous grains in C-rich stars and silicates in O-rich (M-type) stars. The observed stardust silicates are predominantly amorphous magnesium-rich (n ≈ 1) species of a pyroxene-type composition (i.e. Mg n Fe 1−n SiO 3 ), with a significant crystalline fraction (approx. 10%) [24] . It is important to note that silicate dust is also efficiently processed in the ISM, where it seems that most Si atoms join dust grains via an as yet unclear mix of complex processes (e.g. atom aggregation, grain coagulation) [25] . Furthermore, O-rich mineral dust formation is also likely to be relevant in the atmospheres of sub-stellar objects such as brown dwarfs and giant gas planets [26] [27] [28] . These latter two environments are not explicitly considered in the present work, in which we focus on the initial stages of circumstellar silicate dust formation. However, our general methodology (with suitably chosen thermodynamic parameters) may be of use in the understanding of early dust formation in these, and other, astrophysical systems.
Silicate nucleation in M-type stars takes places at temperatures between 1000 and 1200 K and pressures between 0.001 and 0.1 Pa [29] . Under these conditions, apart from H 2 , only a few oxides are thermodynamically stable, most notably CO, H 2 O, SiO and TiO 2 [30] . Although early calculations suggested that SiO does not nucleate under these conditions [31] , a recent classical nucleation theory study combining extrapolation of new SiO vapour pressure data down to 1325 K with a vibrational disequilibrium model of the forming clusters suggests that SiO could nucleate above 1000 K [32] . Also, Mg and Fe could be used as growth species with instantaneous oxidation by H 2 O [33] . Since classical nucleation theory uses extrapolated bulk properties such as binding and surface energies, which do not pertain to the (sub)nanosized clusters, its applicability to dust nucleation has been criticized [34] . In particular, for the crucially important first steps of nucleation, i.e. the first association of gas phase molecules, bulk properties are inapplicable either: (i) because of their magnitude (e.g. cluster-binding energies are generally significantly reduced with respect to the bulk) or (ii) because they simply do not have a well-defined microscopic counterpart (e.g. a nano-scale amorphous cluster has no well-defined surface) [35, 36] . The low binding energy and the segregation into Si-rich and SiO 2 -rich domains (defying attempts to define a 'bulk surface energy') for small SiO clusters is, by now, well established [37] [38] [39] and demonstrates that the Si-SiO 2 segregation observed for bulk amorphous SiO [40] already occurs early on in cluster nucleation. Ignoring the explicit molecularscale properties of the clusters as they start nucleating is thus clearly not a safe assumption, and is palpably wrong for SiO.
To avoid these problems with classical nucleation theory, an alternative, bottom-up, approach was advocated by Sedlmayr and co-workers, with explicit consideration of the properties of homomolecular clusters. While MgO nucleation was shown to be infeasible [41] , TiO 2 does appear to be capable of forming thermodynamically stable clusters under stellar outflow conditions [29, 30] . However, since Ti is 300 times less abundant than Si and Mg [42] , the TiO 2 clusters should act as seed nuclei upon which silicates can start to nucleate. The low abundance of Ti [42] , and therefore of TiO 2 clusters, may be inadequate to create sufficient nucleation seeds. We therefore recently studied the heteromolecular nucleation processes of the abundant gas phase species Mg, SiO and H 2 O at the cluster level [43] . Since magnesium and silicon oxides favourably mix at the nano-as well as at the bulk scale [44] , this mixing enthalpy can help to drive silicate nucleation. Indeed, assuming thermodynamical equilibrium and using a simple ideal gas kinetic model without activation barriers, we demonstrated that heteromolecular nucleation routes may be viable under the postulated conditions in the condensation zone, albeit at the lower temperature and higher pressure end of the range. At these high temperatures, none of the first association processes studied is exothermic enough to fully compensate the entropy loss. We now further elaborate our computational study of silicate nucleation by explicitly considering TiO 2 in the heteromolecular association processes. Even though this participant is less abundant, perhaps its favourable mixing energy with oxides of more common metals could help to increase the formation rate of the slowest-forming species, thereby accelerating silicate nucleation.
Material and methods
The thermodynamically preferred atomic structure of a cluster is very challenging to predict a priori. At the (sub)nano-level structures and other properties are distinctly non-bulk-like, if a bulk analogue exists at all. Therefore, to establish the structure of the ground state (i.e. the most stable isomer) for a particular cluster stoichiometry, one has to extensively sample the exceedingly complex potential energy landscape with efficient methods. To that extent, we use the well-established Monte Carlo basin hopping (MC-BH) global optimization method [45] with interionic pair potentials, with subsequent refinement of geometries and energies at a quantum mechanical level using density functional theory (DFT). The interionic pair potentials used for modelling the interactions between Mg, Si, O and H [46] [47] [48] have been successfully used in recent global optimization searches for low-energy hydroxylated silica nanoclusters [49] and bare and hydroxylated magnesium silicate nanoclusters (with a reduced Mg ionic charge of +1.2e) [43, 44] . Here, we augment this potential set with one parametrized for bulk TiO 2 [50] . Although this latter potential has been used for finding the global minima of pure (TiO 2 ) N clusters [36] , it tends to predict metastable overly condensed structures to be low in energy [36] . Thus, although, on its own, this potential is unsuitable for pure titania clusters, for relatively small percentages of Ti in clusters of other oxides (as required in the present study) the potential appears to account well for the local Ti-O coordination and the most energetically favourable locations of Ti ions [51] . In this study, we sampled over 10 8 random configurations, generating several hundreds of candidate cluster structures. On average 10 of the most promising structures were further optimized for each composition with DFT at the B3LYP/6-31G * [52] level using the Gaussian03 code [53] .
For condensation processes, the dominating contribution to the entropy of reaction is generally the loss of translation entropy, which is only partially compensated for by an increase in rotational and vibrational entropy. At the high temperatures under consideration, this huge entropy loss weighs heavily on the Gibbs free energy of reaction as follows:
with T S rxn of the order of 200-300 kJ mol −1 for any bimolecular addition reaction at 1000 K. Consequently, only very exothermic reactions ( H rxn 0) can occur under these conditions. To establish the feasible nucleation pathways, the thermodynamic functions of the ground-state clusters and molecules are calculated with statistical mechanics within the rigid-rotor harmonic oscillator approximation at the DFT level [54] . The moments of inertia and unscaled vibrational frequencies are reported in a spreadsheet in the electronic supplementary material, in which temperature and pressure can be changed to get the appropriate enthalpies, entropies and Gibbs free energies with respect to SiO, H 2 O, Mg and TiO 2 . Frequency scaling does not affect the general trends or the conclusions of this paper. The B3LYP functional is a good all-round functional for thermochemical calculations with a mean absolute deviation of 18 kJ mol −1 for the extensive G3/99 training set, which includes Ti-, Si-and Mg-containing compounds [55] . [56] .
Results (a) Bulk and cluster mixing of binary oxides
The most common bulk binary oxides of Si, Mg and Ti are SiO 2 (silica), MgO (magnesium oxide) and TiO 2 (titania). SiO 2 and MgO can mix in any ratio, with two usual mineral compositions: forsterite (1 : 2) and enstatite (1 : 1), which have mixing energies of −0.65 and −0.32 eV, respectively [57] . Although a number of bulk titanosilicates are known (e.g. ETS-10 [58] ), in all such materials the stoichiometry is such that it is effectively oxygen deficient with respect to a composition of the type (TiO 2 ) N (SiO 2 ) M . At the cluster scale, however, the mixing energies for the ternary oxides are succinctly different from the bulk. SiO 2 and MgO prefer to mix in a 1 : 1 ratio rather than 1 : 2 for the smaller clusters [44] . For TiO 2 -SiO 2 , a recent theoretical study showed how stoichiometric (TiO 2 ) N (SiO 2 ) M mixing could conceivably occur in very small clusters [59] . Finally, we note that silicon monoxide (SiO), a stable molecule that has been postulated to nucleate homomolecularly in stellar outflows [32] , already at the small cluster scale shows signs of disproportionation (segregation in Si and SiO 2 domains) [60] .
(b) Favourable cluster formation routes
In outflows from O-rich AGB stars dust condenses at temperatures between 1000 and 1200 K and pressures between 0.1 and 0.001 Pa [29] . Gail & Sedlmayr [30, 31] argue that under these conditions O is locked up in H 2 O and SiO, while Mg is atomic. We have previously shown that under such conditions there is no thermodynamically favourable first association step of these abundant species [43] . The least unfavourable step is the dimerization of SiO, after which a thermodynamically downhill sequence of alternating oxidation reactions and magnesium incorporation leads to the formation of small silicate clusters of enstatite or forsterite stoichiometry [43] . The oxidation occurs by reacting with water and release of H 2 or, for larger clusters, by the formation of surface hydroxyl groups [44] . In the hydrogen-poor circumstellar media of more massive stars [61] , molecular oxygen (O 2 ) is the likely oxidizing agent instead of H 2 O.
Since at the nano-scale titanium and silicon oxides mix favourably, in this paper, we further elaborate the possible nucleation routes of silicate dust by incorporating the less abundant, but very stable, TiO 2 molecule. We focus here on thermodynamically favourable routes and we investigate potential kinetic barriers to cluster formation. Although only full kinetic models under appropriate astronomical conditions can yield quantitative nucleation rates of silicate dust, this study will provide qualitatively plausible routes for dust nucleation in circumstellar outflows.
(c) The first association reaction: SiO + TiO 2
Since titanium is 300 times less abundant than Si [42] , SiO has been proposed to nucleate homomolecularly [32] , although heteronucleation on small titania cluster seeds has also been postulated [29] . We studied the bimolecular reaction SiO + TiO 2 → TiSiO 3 , which we found to be a barrierless, thermodynamically favourable reaction even at high temperature and low pressures. The reaction Gibbs free energy, G rxn = H rxn − T S rxn , has been evaluated for this reaction at a temperature interval T = 800-1400 K and a pressure interval p = 1 × 10 −5 -0.1 Pa (figure 1). In these intervals, G rxn can be fitted within less than 0.012 kJ mol −1 to the following expression: G rxn = −362.97732 + (0.2524829 × T) − (5.78584 × 10 −6 × T 2 ) − (1 × 10 −4 × log p) − (0.0191447 × T × log p). Outside this temperature interval higher order terms in the temperature must be included for a similar good fit. From the thermoneutral ( G rxn = 0) contour line in figure 1 (pink dashed) , it is clear that the association of SiO and TiO 2 is favourable under a broad range of thermodynamic conditions pertinent to stellar outflows. The rate of formation of TiSiO 3 under these conditions is then related to the barrierless collision rate of SiO and TiO 2 , which in an ideal gas equates to
where v rel is the relative velocity of SiO and TiO 2 , σ is the collisional cross section (approx. 10 Å 2 ) and p is the partial pressures with respect to the total number density n H . Under the typical conditions at which silicates are seen to nucleate, T = 1000-1200 K, p = 0.001-0.1 Pa, the formation rate of TiSiO 3 is of the order of 10 −7 -10 −9 per second per hydrogen atom. This is orders of magnitude faster than the rate of formation of the slowest forming cluster (the critical cluster) should be, 10 −14 -10 −22 per second per hydrogen atom [29] . Once formed, however, the hot TiSiO 3 molecule must be stabilized by collisions in the tenuous gas or by spontaneous radiative emission in the infrared. These processes can be modelled by statistical approaches such as the Rice-Ramsperger-Kassel-Marcus theory [62] , but stabilization does not need to be more efficient than 10 −7 -10 −5 for the TiSiO 3 to form sufficiently fast to avoid becoming a dynamical bottleneck along the cluster nucleation route. It is therefore postulated that the SiO + TiO 2 reaction is fast enough to initiate cluster formation, ultimately yielding silicate dust. The SiO + TiO 2 association could be more influential in starting silicate nucleation because the exergonicity ensures that the equilibrium is shifted towards the TiSiO 3 end. This more than compensates for the lower abundance of TiO 2 , since the dimerization of SiO previously postulated as the initial nucleation step [43] is highly shifted towards the monomer, thus reducing the equilibrium concentration of (SiO) 2 below that of TiSiO 3 . Consequently, any subsequent cluster expansion reaction is more favourable because of the increased partial pressure of the initial condensate leading to higher collision rates.
(d) Silicate nucleation: cluster expansion routes from TiSiO 3
In figure 2 , we show the geometries and the respective Gibbs free energies of the formation of the most stable clusters we found resulting from the initial kick-starting SiO + which can lead from the five-atom TiSiO 3 precursor to a range of larger clusters of considerably higher complexity. In particular, we can identify four distinct energetically downhill nucleation pathways, each consisting of six steps, which all lead to MgSi 3 TiO 8 -the composition of the largest cluster that we have studied. In the initial step, although oxidation of TiSiO 3 via H 2 O is favoured energetically by 18 kJ mol −1 , the addition of SiO (which adds both a metal atom and oxygen) is energetically downhill by 52 kJ mol −1 . Consistent with the formation of TiSiO 3 , this further appears to confirm the strong energetic driving force for Ti-Si-O mixing in these small species. It is of note that under these high-temperature and low-pressure conditions none of these routes has an energetically downhill initial step involving addition of Mg. In fact, within the subsequent five nucleation steps of each route, we have found it to be energetically favourable to add only one Mg atom. This is in line with our previous results on the nucleation of magnesium silicates where we found that Mg could only be energetically favourable when incorporated into a growing cluster after an oxidation step [43] . However, in contrast, in the present case, the presence of Ti in the initial seed cluster encourages more purely oxidative reactions by H 2 O and metal incorporation via SiO than for pure magnesium silicate nucleation, where Mg addition tends to be more frequent. Including the initial addition of O or SiO to TiSiO 3 , each downhill route can be regarded as three oxidations via H 2 O, two SiO additions and one addition of Mg. In each of these pathways, the resulting cluster (MgSi 3 TiO 8 ) has a composition which can be thought of as being a Mg atom bound to a stoichiometric silica-titania cluster (i.e. Mg(TiO 2 )(SiO 2 ) 3 ). Again, this tends to confirm the relatively favourable interaction between Si and Ti oxides with respect to that between only Mg and Si oxides at this small scale. Using our results, these most energetically favourable 'mixed-metal' pathways can also be compared with nucleation pathways based on alternating steps of H 2 O oxidation and incorporation of only one metal type (i.e. SiTiO 3 + H 2 O + Mg + H 2 O + · · · or SiTiO 3 + H 2 O + SiO + H 2 O + · · · ). In both cases, as far as we have considered, the pathways are also energetically downhill. In the pure SiO-based pathways, the second SiO addition leading to Si 3 TiO 6 is considerably less exogenic (+43 kJ mol −1 ) than the competing addition of Mg, suggesting that incorporation of Mg is essential at some point. Only considering the Mg-based route, apart from the initial less energetically favourable H 2 O oxidation of SiTiO 3 (+34 kJ mol −1 relative to SiO addition), the subsequent four steps of this route (leading to Mg 2 SiTiO 6 ) are fairly energetically competitive with that of the most energetically favourable 'mixed-metal' pathways. Although TiO 2 is clearly able to kick-start silicate nucleation, owing to its scarcity, we expect that its initial influence on nucleation reaction pathways will dampen with increasing cluster size. Clearly, at some point, a SiTiO 3 seed will become totally enveloped by the dominant pure magnesium silicate phase growing around it, and the nucleation process will rapidly become more and more like that in the pure Mg-Si-O system reported previously [43] .
Discussion
Silicate dust particles are ubiquitous in stellar environments and throughout the ISM. Nevertheless, dust formation, transformation and destruction processes are ill-understood. The majority of interstellar silicates nucleate in stellar outflows of M-type stars at the end of the star's lifetime and, subsequently, are heavily processed in their journey through the ISM. It has been previously debated whether SiO can nucleate or not in the dust formation zone [31, 32] . In order to understand the nucleation processes, the thermodynamic properties of the large number of potential intermediate clusters must be determined [41, 63] . Structure prediction for ternary oxide clusters such as those involved in silicate nucleation is extremely challenging [64] because of the different atom types experiencing vastly different chemical environments. With our MC-BH global optimization approach coupled to refinement using quantum mechanicalbased DFT calculations, we have maximized our chances of finding the ground-state isomers for all cluster compositions depicted in figure 2. Through calculation of the Gibbs free energies of these clusters under the appropriate conditions for circumstellar silicate condensation, we have investigated the impact that a single TiO 2 species can have on the initial steps of silicate dust nucleation. The preferred path for nucleation of silicates will critically depend on the local thermodynamical parameters (p, T) in the inter-or circumstellar region as well as on physico-chemical parameters (e.g. element abundances and initial chemical composition, mixing, radiation field). This study shows qualitatively that just one molecule of TiO 2 may suffice to overcome the thermodynamical barrier for heteronucleation of magnesium silicates that exists at low pressures and high temperatures [43] , thus already potentially kick-starting silicate formation at regions closer to a star. Whether TiO 2 -initiated routes prevail over routes that only include the abundant SiO 2 + Mg + H 2 O molecules depends on how these routes compete with each other while depleting the metallic elements. In experimental laboratory nucleation studies silicates appear to segregate in iron-and magnesium-rich minerals [65, 66] in accordance with the absence of Fe-rich silicates in stellar outflows. Perhaps the inclusion of small amounts of Ti will have a notable effect on nucleation rates under the right conditions. The incorporation of iron in these nucleation routes is currently under investigation with our methodology, although this is a much more difficult element to study computationally owing to its complex electronic structure. It is currently unclear where and how Fe, which is almost as abundant as Mg, is depleted in circumstellar environments. Understanding these processes may also yield valuable insight into the formation of Fecontaining dust particles such as the heavily processed glass embedded with metal and sulfides particles [67] , containing FeS and Ni-Fe inclusions. In this case and in many others, such as silicate particle formation under different conditions (e.g. brown dwarfs [26, 27] , meteoritic smokes [65, 68] or in supernovae [19, 69] ), the microscopic understanding of the thermodynamic properties of the clusters that our computational approach provides is crucial.
